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Abstract 
Metering systems can improve traffic operation and capacity on unbalanced flow roundabouts. This 
research verified the increase on the proportion of long gaps on the conflicting flow after metering, 
which lead to longer entering platoons and shorter follow-up headways. In contrast with previous 
studies, potential benefit was quantified according to the Highway Capacity Manual (HCM) analysis 
procedure. The reduction in delay is significant at every entrance flow level; and capacity could be 
doubled for high conflicting flow rates. 
 
Keywords: Roundabout, Unbalanced flow patterns, Capacity, Traffic performance, Metering, Follow-up headway, 
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1 Introduction 
A widely used method to prevent and/or relieve highway congestion is to control the demand by 
means of on-ramp metering (Munoz and Horowitz, 2003). Same basis can be translated to roundabouts 
with unbalanced flow patterns, as it has been applied in Australia (Akçelik, 2004; Andjic, 2013) and 
recently in the U.S. (Hummer et al., 2014). So far, many of its advantages, in terms of measures of 
effectiveness, have been widely analyzed. 
Metering signals on roundabouts are based on creating gaps in the circulating stream in order to 
alleviate excessive delays on the main approach of the roundabout during peak hours (Akçelik, 2011, 
2008, 2005, 2004; Natalizio, 2005). They should not be planned for metering unless unexpected demand 
dictates this need after construction (Federal Highway Administration, 2000).    
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Metering basic scheme is composed by a metered approach and a controlling approach (Akçelik, 
2004). The metered approach is the one whose demand contributes the most to the conflicting flow in 
front of the main downstream approach, which is the controlling approach. The controlling approach 
suffers from long queues and excessive delays due to the right of rule. Metering signal is implemented 
on the metered approach, while queue detectors are placed on the controlling approach. Red signal 
displays on the metered approach in order to create greater gaps in front of the controlling approach; 
and the roundabout overall traffic operation is improved. Maximum red time is introduced to avoid 
excessive queue on the metered approach. The roundabout reverts to normal operation during a 
minimum blank/amber time or as long as the controlling approach does not present queuing conditions.  
Akçelik (2005) presented the basic principles of operation of metered roundabouts. He studied one-
lane, two-lane and three-lane roundabouts in Australia and the USA (Akçelik, 2011, 2008, 2005, 2004). 
Based on a self-developed aaSIDRA gap-acceptance model using field data from a large number of 
roundabouts in Australia; queue length, signal timing and other operational parameters on metered 
roundabouts were determined. In order to improve cycle timing for metering at Australian roundabouts, 
Akçelik (2011) analyzed entering platoon flow rates. The effective red and effective green times were 
calculated and proposed to determine the cycle timing. The results indicate that low cycle times produce 
better intersection performance compared with longer cycle times used in practice.  
Natalizio (2005) used a traffic microsimulation in aaSIDRA to analyze traffic flow conditions at 
urban single-lane roundabouts without the influence of metering signals and tested the theoretical 
analysis model developed by Akçelik, (2005). Operational benefits on average delay and queue lengths 
were reported for certain flow conditions on the controlling approach, as well as guidance on optimal 
metering signal timing. However, they were not compared to the HCM thresholds for roundabouts. 
Hummer et al. (2014) developed a simple macroscopic model based on the HCM equations and 
validated it using VISSIM. This microscopic software allows an accurate implementation of the 
roundabout geometry. The validation was set to replicate the roundabout capacity relationship of the 
HCM, and as a result the car-following parameter and speeds in reduced area were modified. Default 
values of critical gap and follow-up headway were considered. Analytical delays were computed for one 
cycle length and metering signal location, proving the benefits of metering. Criteria for signalized 
intersections were used (delay over 80 seconds) to indicate operational benefits. Both single-lane and 
two-lane roundabouts were analyzed. 
More than 30,000 roundabouts with a variety of locations and sizes are implemented in Spain 
(Romana, 2011) and many of them work over capacity and present unbalanced flow patterns. Given the 
potential benefits of metering, a previous research on metering roundabouts was carried out (Martin-
Gasulla et al., 2016). Geometry and main gap-acceptance parameters were obtained from the field and 
used to calibrate the VISSIM software. The optimal metering signal scheme was selected from almost 
400 combinations of distances and timings, based on the reduction of the average delay of the controlling 
approach, average queue length and average delay on the roundabout. Using this signal scheme, entering 
flow and conflicting flow were varied between 0 and 1,600 veh/h; and 0 and 1,200 veh/h, respectively. 
For each pair of entering and conflicting flow, operational improvements were quantified in terms of 
average delay. Average delay improved between 10 and 60 % after implementing the metering system. 
However, capacity improvement was not analyzed in terms of the HCM (considering as threshold LOS 
F, which is associated with an average delay of 50 s). 
The operational improvement of metered roundabouts is based on creating greater gaps on the 
conflicting flow that could be used as a relief for the congested approach. Even though the positive 
results, this hypothesis has not been verified yet. Moreover, the potential benefit of metering 
roundabouts has been focused only on near-capacity conditions; and usually in terms of average delay 
variation between the metered and unmetered scenarios. The conclusions of the previous studies could 
not be adequately correlated with the HCM level of service F for roundabouts, as the threshold of 50 s 
average delay was not considered. Therefore, there is a need to analyze the gap distribution on the 
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conflicting flow; and to quantify the average delay evolution as the entering flow increases; in both 
cases before and after the metering implementation. 
2 Objectives 
The aim of the research is to analyze operational and capacity improvements on suburban 
roundabouts with metering signals using traffic microsimulation for Spanish local conditions. To 
accomplish this objective, the following tasks were carried out: 
x To collect drivers’ behavior data on a roundabout. 
x To calibrate and validate VISSIM for the observed scenarios. 
x To implement the metering signal using VisVAP module, generate multiple scenarios 
varying the main variables of the metering system and define the optimal design. 
x To estimate the capacity of the controlled approach in both the metered and unmetered 
scenarios using the HCM threshold for LOS F. 
x To compare the average delay evolution depending on the entering traffic flow for a given 
conflicting flow; for both metered and unmetered scenarios. 
x To analyze the gap distribution of conflicting flow and their influence on the entering 
platoons and follow up headways for a given conflicting flow. 
Tasks 1, 2 and 3 were carried out as a part of a previous study that feed into this study (Martin-
Gasulla et al., 2016); and they will be summarized on the following sections. 
3 Methodology 
3.1 Field study 
For the field study, one single-lane, 80 m circle diameter roundabout in Valencia (Spain) was 
selected: the intersection of CV-500, CV-401 and CV-5010 roads. The fifth leg of the intersection 
(Rambla) was unpaved and served as local access to the beach. The traffic demand was very low in peak 
hour even in summer season (around 20 veh/h), so its demand was negligible for this analysis. 
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Figure 1. Selected roundabout 
Manual and video recording traffic counts every 5 minutes were carried out to describe traffic flow. 
The traffic counts were carried out at peak hour conditions, 2 hours in a labor day (7.30-9.30 a.m.) and 
5 hours at weekend (10.00 a.m. to 15.00 p.m.). Peak hours corresponded with demands of 1400 veh/h 
to 1700 veh/h. No pedestrians were observed during the recording time. The percentage of trucks was 
very low, around 0.5 %. Origin/destination (O/D) matrices were obtained as well.  
To study the gap acceptance process, accepted gaps, rejected gaps and follow-up headways were 
measured. These data were obtained through video recordings from one domestic camera and the 
surveillance camera from the Traffic Management Center, which was located on a pole at the 
roundabout.  
Some criteria were established before measuring gaps and lags (Figure 2). There was a section in the 
roundabout circle that accomplished the following: when rear-end of the circulating vehicle was on this 
section, most of the vehicles start and initiate the entering maneuver (red line in Figure 2). Accepted and 
rejected gaps were directly obtained. Lags were also obtained. They are defined as the time interval 
between the arrival of a vehicle on the approach to the stop line and the arrival of the front of the next 
vehicle on the conflicting flow. Given that there is no stop line at roundabouts, the reference line was 
considered where most of the drivers slow down near the yield line (namely decision point, indicated 
by the green line in Figure 2). Accepted or rejected lags were measured from this position until the next 
conflicting vehicle arrived to the previous section on the roundabout circle. Follow-up headways where 
recorded based on the criterion that vehicles moved from the second place in the queue to the decision 
point, starting from zero or almost zero speed and stopping again at the decision point. 
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Figure 2. Gap acceptance study 
A total of 2,997 headways were measured, 2,702 accepted headways (2,479 accepted lags) and 295 
rejected headways (198 rejected lags). The recording time was 305 min. Given that available sight 
distance was limited, some gaps are not relevant to the gap acceptance process because they are so long 
that entering drivers cannot see conflicting vehicles (Polus and Vlahos, 2005; Rodegerdts et al., 2010, 
2007). For the observed roundabout, the maximum available gap was 6.1 s. 
The critical headway was obtained applying the Raff’s methodology to the sample of accepted and 
rejected headways and lags (Raff, 1950), as the simulation program VISSIM can only input one value 
of critical gap instead of a distribution of critical gaps. The critical headway was 3.32 s. The follow-up 
headway, corresponding to the average from the values measured at the roundabout (under saturated 
conditions) was 3.23 s.  
Queue lengths at each approach were measured to calibrate and validate the program. Moreover, 
safety distances between vehicles in platoons approaching to the roundabout were measured. The 
counting interval was 5 minutes, too. 
3.2 Calibration and Validation of VISSIM 
In order to quantify traffic operation improvement on metered roundabouts, a traffic microsimulation 
model in VISSIM 5.30 was used.  
The geometry of the roundabout was implemented in VISSIM. Connectors and links were 
introduced, as well as reduced speed areas on the approaches to the roundabout (Gallelli and Vaiana, 
2008; PTV, 2011). Priority rules were also introduced to reflect driver behavior on the approaches and 
roundabout circle. Stop lines and conflict markers associated to them were installed depending on the 
observed conditions. On this stage, the critical headway was also introduced on VISSIM as the 
“minimum gap time” of the function “priority rule” based on the field study results (3.32 s). From the 
detailed study on gap acceptance, it was observed that VISSIM simulated vehicles that accepted shorter 
gaps than the specified minimum gap time. Therefore, this variable could be used as proxy of critical 
headway. 
Once the geometric design and priority rules were set, the program was tested to verify that drivers 
circulated following the rules and were able to detect all the vehicles around them. Afterwards, traffic 
demand was selected from the observations. Given that the base scenario should be able to capture 
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driving behavior at conditions close to or over capacity, the calibration scenario represented the peak 
hour in labor days (8:30-9:30, Northbound). On those conditions, the congested main approach yielded 
to a medium demand. All entering traffic volumes and routing decisions corresponded to the O/D 
matrices from the traffic counts.  
The goal of calibration was to minimize the differences between the observed behavior on the field 
and the simulation results. The value of the queue length at the end of each counting period of 5 minutes 
was used to verify the goodness of fit. The calibration parameters in VISSIM included: 
x Stop lines and conflict markers positions. 
x Reduced speed area length. 
x Dynamic queue condition (maximum speed and maximum following distance among 
vehicles that are within a platoon). 
x Number of observed vehicles (parameter of the Wiedemann car-following model). 
x Look ahead distance (parameter of the Wiedemann car-following model). 
The twelve 5-minute scenarios from the heaviest traffic demand were used for the calibration. Each 
scenario was evaluated using 15 different random number seeds and the models were simulated for one 
hour plus 10 previous minutes of warm-up period. 
The model was considered calibrated if the queue length in each approach did not differ more than 
15%. For the validation, the peak hour from the weekends (Southbound) was introduced. The differences 
on the queue lengths were also lower than 15 %. Further details can be found in Martin-Gasulla et al. 
(2016). 
3.3 Design and optimization of the metering system 
The first step was the identification of the controlling approach (the one with highest entering 
demand, Qe) and the metered approach (the one that contributed the most to the conflicting flow in front 
of the controlling approach -Qc- , but it does not belong to the major road). The metered approach should 
have a saturation degree (ratio volume/capacity) under 0.7 (Natalizio, 2005).  
The system consisted on a signal with a red and a blank state. The signal was placed some distance 
before the roundabout entrance (20 m), on the metered approach. Having this distance, the right-of-way 
of the roundabout was not affected (indirect system). The system was only switched when queues on 
the controlling approach were detected (part-time). The priority rules of the intersection were not 
affected, except for the presence of the signal (part-control). 
A signal control logic was designed and implemented in the VisVAP 2.16 module from VISSIM. 
Once the model reproduced the observations and the metering system was implemented, the values from 
the variables of the metering system, such as location and timings, should be selected. Up to 400 
different combinations of the variables were set in the VISSIM program and the VisVAP module to 
obtain the optimal model for the heaviest demand scenario. The traffic demand scenario was the same 
as for calibration: the peak hour in labor days.  
The optimal design improved the most the overall delay and the performance parameters for the 
controlling approach (average delay and average queue length). Moreover, it did not worsen much the 
delay on the metered approach. This was ensured by choosing the combination of parameters that 
minimized overall delay, average delay on the controlling approach and average queue length in the 
controlling approach. On the metered approach, average delay increased although it was contained 
within the 25 % of combinations with lower average delay. The values of the parameters are summarized 
on Table 1. 
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Traffic light at the metered approach Queue detector at the controlling approach 
Parameter 
Optimum 
value 
Parameter 
Optimum 
value 
Distance to yield line (m) 20 Distance to yield line (m) 50 
Minimum blank time setting (s)  40 Loop length (m) 4.5 
Minimum red time setting (s) 15 Queue gap setting (s)  3.5 
Maximum red extension time 
setting (s) 
20 
Queue occupancy setting (s)  4.0 
Maximum red time setting (s)  35   
Table 1.Parameters to define the semi-actuated metering system design 
Parameters corresponding to the queue condition reflect that queue is considered whether the gap 
between consecutive vehicles on the controlling approach is lesser or equal to 3.5 seconds and/or a 
vehicle is occupying 4 seconds or more. The other parameters are shown in Figure 3.  
 
 
Figure 3. Metering system layout 
3.4 Capacity definition 
In order to determine the benefits of installing the metering system, capacity on both unmetered 
(base) and metered scenarios was obtained. Capacity was defined using the 50 s average delay threshold 
for level of service F specified on the 2010 HCM for roundabouts, contrarily to the 80 s average delay 
from Hummer et al. (2014). 
Entering flow rates were increased until the 50-second average delay was exceeded, for each 
conflicting flow rate. Conflicting flow rates varied between 0 and 1,800 veh/h with 100 veh/h steps. 15 
random seeds were used to account for the randomness of driver behavior. 
Controlling
approach
Queue
detector
Signal
Distance to 
yield line
Distance to 
yield line
Metered approach
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4 Results 
4.1 Unmetered scenario 
Capacity from HCM and the simulation results from VISSIM were compared with the observed field 
data (Figure 4). HCM default values (critical headway of 5.19 s and follow-up headway of 3.19 s) and 
field data values (critical headway of 3.32 s and follow-up headway of 3.23 s) were used in the HCM 
Equations 21-21 to 21-23 (Transportation Research Board, 2010).  
 
 
Figure 4. Capacity of single-lane roundabouts approach depending on the conflicting traffic flow 
Generally, HCM models underestimated capacity, as the entering flow rate was up to 500 veh/h 
lower than the values observed on the field. The differences with the field data were lower for the model 
using the field data values. Both HCM models produced the same capacity for very low conflicting flow 
rate because of the similar follow-up headways. 
On the other hand, capacity obtained from the simulation results was closer to the observed field 
data, which were collected during near-capacity conditions. It could be caused because the follow-up 
headway varied on the field, as well as it does automatically on the microsimulation program. The 
average value was 3.23 s and it was reduced to 1.76 s for very low conflicting flow rates. This low value 
indicates that entering drivers practically do not slow-down before entering the roundabout in very low 
conflicting flow rates. 
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4.2 Metered scenario 
After designing the metering system and selecting the optimal parameters, capacity of the metered 
approach was similarly estimated. The HCM threshold for roundabouts (average delay equal to 50 s) 
was used instead of the 80 second average delay for signalized intersections. Figure 5 compares capacity 
in both scenarios. After implementing the metering system it can be reached a capacity improvement of 
14% for a conflicting flow rate of 800 veh/h, and even a 38% if the conflicting flow reaches 1,000 veh/h.  
 
 
Figure 5. Capacity of the controlled approach (metered and not metered scenarios) 
A detailed study on driver behavior for one conflicting flow (800 veh/h) was carried out to determine 
how the metering system varied the traffic behavior from free-flow conditions to over-capacity 
conditions. 
Firstly, average delay was calculated for different entering flow rates (Qe). It varied from 0 to 1,000 
veh/h. Figure 6 plots the delay on the controlled approach as a function of Qe. Average delay increased 
little at low traffic volumes, and it rapidly increased for traffic flows close to capacity (unstable 
conditions). For all entering flows, delay was lower in the metered scenario; and capacity is improved 
by more than 100 veh/h. This suggest that the metering system benefits both capacity and level of 
service. For example, when the metered scenario reaches an average delay of 50 s, then the unmetered 
approach is suffering an average delay of more than twice (110, 5 s).  Alternatively, Table 2 shows the 
entering flow rates at the different LOS thresholds, observing that a worse level of service is reached 
before in the unmetered scenario. 
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Figure 6. Delay vs. entering flow rate (Qe) at Qc = 800 veh/h 
LOS 
Entering flow rate, Qe(veh/h) 
Unmetered scenario Metered scenario Improvement 
A (Delay = 10 s) 138 177 28% 
B (Delay = 15 s) 243 316 30% 
C (Delay = 25 s) 496 606 22% 
D (Delay = 35 s) 684 803 17% 
E (Delay = 50 s) 777 883 14% 
Table 2. Delay vs. entering flow rates (Qe) at Qc = 800 veh/h 
Secondly, headway distributions and number of vehicles using each gap were analyzed, as 
summarized in Table 3. Traffic operations could be improved with the metering system because a 
modification on the gap distribution of the conflicting flow or because the number of vehicles using 
each gap increased.  
As shown in Table 3, there are only slight differences in the headway distribution. The metering 
system provides more gaps over 15 seconds than the unmetered scenario. In fact, the average value of 
long gaps was 20.4 s, compared to 19.1 s on the unmetered scenario. Therefore, more vehicles could 
enter the roundabout on the same gap and more long gaps were produced. 
 
 
Table 3. Headway distribution of the conflicting flow rate (Qc = 800 veh/h) 
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Frequency 
Difference 
Unmetered scenario Metered scenario 
gap ≤ 1.5 343 364 +6% 
1.5 < gap  ≤3.3 174 160 -8% 
3.3 < gap ≤ 6.1 123 104 -15% 
6.1 < gap ≤ 15 130 134 +3% 
 gap >15 30 38 +27% 
Capacity and operational improvements of metering roundabouts in Spain M. Martin-Gasulla et al.
304
  
 
To verify this hypothesis, the average platoon entering the roundabout was calculated, as well as the 
maximum platoon length. As seen in Table 4, maximum platoon length increased from 14 to 16 
veh/headway, while the average platoon length varied from 3.09 to 3.40 veh/accepted headway. 
Moreover, the percentage of accepted headways increased slightly from 31.5 to 32.4 %. Therefore, the 
metering system allowed longer platoons to enter and increased the percentage of accepted headways. 
 
Scenario 
Traffic demand Entering platoon length Accepted headways 
Follow-up 
headway (s) 
Entering 
flow rate 
Qe (veh/h) 
Conflicting 
flow rate  
Qc (veh/h) 
Average 
(veh/accepted 
headway) 
Maximum 
(veh/accepte
d headway) 
Number 
% over 
total 
headways 
Unmetered 777 800 3.09 14 252 31.5 2.01 
Metered 883 800 3.40 16 259 32.4 1.75 
Table 4. Entering platoon characteristics 
Finally, follow-up headways were shorter in the case of the metered scenario (13% shorter). It has 
been considered only the average follow-up headway until the common maximum platoon found in both 
scenarios (10 vehicles), in order to homogenize the comparison. 
5 Conclusions 
This research presented a metering system to improve the operation of roundabouts with unbalanced 
flow patterns. The main conclusions were:  
 
x Follow-up headway should not be considered as a constant value, since it increased as the 
conflicting traffic flow increased. Given that the microsimulation program automatically 
adjusted the follow-up headway to traffic conditions, the capacity estimation is closer to the 
observed conditions on the field, compared to the HCM analysis procedure.  
x Metering systems increased capacity on roundabouts. The improvement is lower for low 
conflicting flows, as most of time the system is switched off. However, the increase of the 
capacity is significant for conflicting flows exceeding 500 veh/h. For conflicting flow rates 
around 1,200 veh/h, the capacity is doubled (from 287 veh/h to 600 veh/h).  
x For the tested conditions (conflicting flow rate equal to 800 veh/h) the reduction in delay is 
significant at every entrance flow level, and increased at entering flow rates close to the 
capacity criteria (delay equal to 50 s). 
x Capacity improvements were caused by an increased proportion of longer gaps and a reduction 
on the follow-up time, which lead to longer platoons entering the roundabout at each available 
gap.  
 
This paper has demonstrated the advantages of metering signals to improve the efficiency (by 
lowering delays) and to increase the capacity of roundabouts with unbalanced flows. The paper proposed 
a traffic microsimulation methodology to design, optimize and evaluate the effects of the signal.  
As the results were derived from the outputs of a microsimulation model, the results have not been 
tested in the reality. The extrapolation of the results should be considered with caution, as far as driving 
behavior, roundabout geometry and traffic volume is different from the present study. Further work 
should include the evaluation of the metering under real conditions and the analysis of the influence of 
other road users, such as heavy vehicles, pedestrians or cyclists.  
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